Objectives: Coated-platelets are a subset of platelets produced by dual-agonist activation with collagen and thrombin. These platelets retain full-length amyloid precursor protein on their surface, are elevated in patients with amnestic as compared to nonamnestic mild cognitive impairment (MCI), and correlate with disease progression in Alzheimer disease (AD). Prompted by these findings, we investigated the association between coated-platelet production in amnestic MCI and rate of progression to AD.
compared to nonamnestic mild cognitive impairment (MCI). 7 Because patients with amnestic MCI represent the group at highest risk for developing AD 8, 9 and also have elevated coated-platelet levels similar to patients with early-stage AD, [4] [5] [6] [7] we decided to investigate whether there is an association between coated-platelet production in patients with amnestic MCI and the rate of progression to AD. We hypothesized that patients with amnestic MCI with higher coated-platelet levels would progress more rapidly to AD than patients with amnestic MCI with lower coated-platelet levels.
METHODS Patients. Seventy-four consecutive patients with amnestic MCI were recruited through the Center for Alzheimer's and Neurodegenerative Disorders (CANDO) at the Oklahoma City Veterans Affairs Medical Center (VAMC) between September 1, 2005 , and May 31, 2008 . CANDO is an outpatient referral-based general dementia clinic that actively manages the longitudinal care of approximately 1,000 patients. 10 All 74 patients fulfilled accepted clinical criteria for amnestic MCI and had complete diagnostic evaluations, including brain MRI scans, or CT scans when a medical contraindication for MRI was present. 8, 11 A neuroradiologist provided a definitive reading for every CT and MRI scan obtained. Standard laboratory tests performed at the time of diagnosis included complete blood count, serum electrolytes, serum glucose, blood urea nitrogen, B12, folate, thyroid function tests, and serology for syphilis. Mini-Mental State Examination (MMSE) 12 and Clinical Dementia Rating Scale (CDR) 13 assessments were obtained for all subjects prior to enrollment. All individuals in the study were men as a result of the composition of the United States armed forces during the time these veterans served.
These patients were followed clinically every 6 months in CANDO and at each visit a complete neurologic examination was performed that included MMSE and CDR assessments. Telephone contact with the patients was maintained between clinic visits and upcoming clinic encounter reminders were delivered through telephone and mail in order to minimize loss to follow-up.
In cases where progression to AD was detected, the repeat diagnostic evaluation included neuropsychological testing, brain MRI scans, or CT scans when a medical contraindication for MRI was present, and standard laboratory tests. All diagnoses of AD in MCI that progressed were based on accepted clinical criteria 14 after multidisciplinary consensus meetings in CANDO.
Exclusion criteria included current cigarette smoking or history of stroke, 15,16 traumatic brain injury, or acute coronary syndrome. We did not exclude individuals reporting use of medications that may influence coated-platelet levels, 17 such as selective serotonin reuptake inhibitors (SSRIs), HMG-CoA reductase inhibitors (statins), and antiplatelet agents, 17, 18 at the time of enrollment because of the relatively high percentage of individuals in this age group taking one or more of these drugs. Instead, any potential modifying or confounding effects of these medications were explored statistically.
Standard protocol approvals, registrations, and patient consents. The study was approved by the Institutional Review Board of the University of Oklahoma and the VAMC Research and Development Committee (IRB no. 14178) in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Informed consent was obtained for all participants prior to inclusion in the study.
Coated-platelet assay. After obtaining informed consent, 5 mL of blood was drawn into a plastic syringe containing 0.5 mL of acid citrate dextrose (ACD), and platelet-rich plasma (PRP) was prepared as described. 16 Coated-platelets were assayed as previously described 16 with 1 L of PRP in a 100-L assay with the following reagents (final concentrations): 1.0 g/mL biotin-fibrinogen, 0.4 mM gly-pro-arg-pro, 500 ng/mL convulxin, 0.5 U/mL bovine thrombin, 2 mM CaCl 2 , 1 mM MgCl 2 , 150 mM NaCl, and 10 mM N-(2-hydroxyethyl)-piperazine-NЈ-(4-butanesulfonic acid) (HEPES), pH 7.5. After 5 minutes at 37°C, 0.8 g of phycoerythrin-streptavidin and 0.5 g of FITC-abciximab were added. After an additional 5 minutes at 37°C, the reaction was stopped with 0.2 mL of 1.5% (w/v) formalin in 150 mM NaCl, 10 mM HEPES, pH 7.5. The percentage of abciximab-positive events (platelets) with bound biotin-fibrinogen was quantitated by flow cytometry. 3, 7, 16 Results are reported as percent of cells converted to coated-platelets. 16, 19 Individuals performing the coated-platelet assay were not aware of the clinical diagnosis corresponding to the blood sample analyzed.
Statistical analysis.
Data were analyzed using SAS (SAS System for Windows, version 9.1, SAS Institute Inc., Cary, NC) and SPSS (SPSS for Windows, release 15.0, SPSS, Chicago, IL). Descriptive statistics were used to summarize the distribution of patients' baseline characteristics. The distribution of baseline characteristics was compared among patient groups defined by tertiles of the observed distribution of coated-platelets using the nonparametric Kruskal-Wallis test or Fisher exact test. The distributions of the time to progression to AD were estimated for each of the 3 coated-platelet groups using cumulative incidence curves and compared statistically using a log-rank test. Cox proportional hazards regression modeling was used to adjust for potential confounding factors and to identify effect modifiers. Given the limited number of deaths in this data sample (n ϭ 2), standard time-to-event analyses were used. The time to AD was censored at the time of death for subjects who did not develop AD prior to the date of death. SDs are provided when means are presented both in the text and tables.
The current sample size was calculated to achieve greater than 90% power to detect a hazard ratio for progression to AD of 2.0 or greater associated with a 1 SD increase in coatedplatelet levels. This calculation assumes a SD of 14% points in coated-platelet levels, an average progression rate to AD of approximately 15% per year in the MCI population, a 2-sided 0.05 ␣ level, and that 25% of variability in coated-platelet levels can be explained by other clinical and demographic factors. The effect size and SD estimates were based on our previously published research data on coated-platelet levels in AD and MCI. 5, 7, 19 Sample size calculations were performed using PASS software. 20
RESULTS
The study population consisted of 74 men. The mean age of the MCI population was 69.9 Ϯ 7.1 years (mean Ϯ SD) with a mean MMSE score of 27.5 Ϯ 1.1, and mean coated-platelet levels of 34.7% Ϯ 12.2%. The CDR score of all these pa-tients was 0.5. The distributions of patient characteristics at baseline are summarized in table 1.
Follow-up among patients who did not progress to AD ranged from 6 to 36 months, with a median follow-up of 24 months. Two of the patients (3%) died after 12 and 18 months of follow-up. Neither was diagnosed with AD prior to their deaths.
Patients were categorized into tertiles based on the observed distribution of coated-platelet levels at the time of entry into the study (lowest tertile: 7% to 26%, middle tertile: 26.1% to 40%, and upper tertile: 40.1% to 60%). The duration of follow-up among subjects who did not progress to AD was very similar among the 3 tertiles, with a median of 24 months and a range of 6 to 36 months for each tertile. Table 2 summarizes the distribution of patient characteristics at baseline according to tertiles of coated-platelet levels. Data are summarized using the mean and SD (or count and corresponding percentage) of each coated-platelet group. No significant differences were found among the coated-platelet groups in terms of median age or the percentage of subjects using statins, aspirin, or SSRI.
Among the entire cohort, 12 subjects progressed to AD by 24 months, resulting in a cumulative incidence of AD of 19% (95% CI confidence interval [CI] 11%-31%) at 24 months. By 36 months, 15 subjects progressed to AD, resulting in a cumulative incidence of 29% (95% CI 17%-45%) at 36 months, which corresponds to a progression risk for AD of approximately 10% per year (figure, A). Table  3 summarizes the distribution of patient characteristics at baseline according to progression to AD or lack of progression to AD.
Cumulative incidence of AD at 24 months was estimated for each tertile of coated-platelet levels. For patients in the highest tertile (n ϭ 25), 8 progressed to AD by 24 months, resulting in a cumulative incidence of AD of 37% (95% CI 20%-61%), whereas for patients in the middle (n ϭ 25) and lowest (n ϭ 24) tertiles, 3 and 1 patients progressed to AD by 24 months, resulting in cumulative incidences of AD of 13% (95% CI 4%-36%) and 4% (95% CI 1%-26%) (figure, B ). An overall log-rank test showed that the time to progression to AD differed among the coated-platelet tertiles ( p ϭ 0.02).
The hazard rates for progression to AD were calculated for the middle and highest tertile of coatedplatelets and compared to the AD hazard rate in the lowest tertile. The hazard rate for patients in the highest coated-platelet tertile was 5.1 times the hazard rate for patients in the lowest tertile (95% CI 1.1-23.1, p ϭ 0.04), whereas the hazard rates for the middle and lowest tertile patients were similar (hazard rate ratio ϭ 1.5, 95% CI 0.2-8.9, p ϭ 0.7).
To investigate the potential modifying effects of age and use of statins, antiplatelets, or SSRIs on the association of coated-platelets and progression of MCI to AD, differences in progression risk among the coated-platelet tertiles were examined separately in subgroups of subjects defined by each of these factors. No modifying effects for age or use of statin, antiplatelets, or SSRIs were detected. To investigate potential confounding effects of these variables, the association between each factor and the risk of progression of MCI to AD was first investigated. Age and the use of statins, antiplatelets, or SSRIs were not significantly associated with the risk of progression of MCI to AD. Specifically, the hazard ratio value associated with age, modeled as a continuous factor, was 0.97 (95% CI 0.90 -1.06, p ϭ 0.51) and the hazard ratio values associated with the use of the medications were use of statins (hazard rate ratio ϭ 1.20, 95% CI 0.41-3.51, p ϭ 0.75), use of antiplatelets (hazard rate ratio ϭ 1.02, 95% CI 0.29 -3.62, p ϭ 0.97), and use of SSRIs (hazard rate ratio ϭ 0.56, 95% CI 0.16 -2.00, p ϭ 0.37). Given that there is no clear association between the risk of progression of MCI to AD and age or medication use in the observed data, these factors were not acting as confounding variables of the association between risk of progression of MCI to AD and coated-platelet levels.
DISCUSSION
The data presented here show the existence of an association between coated-platelet production in patients with amnestic MCI and subsequent progression to AD. Individuals with the highest initial coated-platelet levels were significantly more likely to develop AD, and they did so earlier than individuals with the lowest coated-platelet levels (figure, B) , even though the risk of progression to AD for the group as a whole was similar to that reported in the literature (figure, A) . These findings support the existence of a link between coatedplatelets and the chronic disease model proposed for AD 21 ; however, the nature of that link is currently unknown.
Our initial work demonstrated that coatedplatelet synthesis is associated with an altered metabolism of APP characterized by retention and derivatization of full-length APP on the surface of these activated cells. 4 This alteration is not present in platelets activated with a single agonist. Although the exact mechanism for retention of APP remains unclear, a covalent alteration of APP appears to be involved with formation of coated-platelets. 4 Prompted by our initial observation, we subsequently demonstrated that patients with early-stage AD produce coated-platelets at levels significantly above that of aged controls and patients with advanced stage AD. 4 In a cross-sectional study, a robust correlation was observed between coated-platelet levels and AD severity, with higher levels correlating with higher MMSE scores. 5 There is also a correlation between initial coated-platelet levels and the rate of AD progression, with the most severe decline noted in individuals with the highest initial coated-platelet production. 6 More recently, we studied coatedplatelet production in frontotemporal dementia (FTD), 19 a neurodegenerative disease characterized by a variety of neuropathologic changes that do not involve an abnormality in the amyloid-␤ peptide pathway. 22 Our results showed that the increased coated-platelet synthesis noted in patients with earlystage AD is not present in FTD and that the correlation with disease severity noted in patients with AD was not present in FTD. 19 Previous investigators have examined a possible role of platelets as either a surrogate indicator of putative events involved in AD or as reservoirs of telltale amyloid markers. In the first instance, abnormal serotonin content, 23 mitochondrial function, 24 and nitric oxide abnormalities 25 in platelets have been observed in platelets from patients with AD. In the second instance, several studies have examined the presence of abnormal amyloid isoforms in advanced AD. 26, 27 For a variety of reasons, no consensus has developed supporting further use of these observations.
Similar to the increased coated-platelet synthesis noted in early-stage AD, individuals with amnestic MCI have significantly increased coated-platelet levels compared to individuals with nonamnestic MCI. 4, 5, 7 This observation is of particular clinical relevance as MCI is considered a nosologic entity situated at the interface between normal aging and very early dementia, 8, 11 amnestic MCI is widely considered a prodrome for AD, 8, 11, 28 and biomarkers that
Figure
Incidence of conversion to Alzheimer disease (AD) (A) Coated-platelet levels were measured in 74 patients with amnestic mild cognitive impairment (MCI) who were then monitored clinically for progression to AD. Data are plotted as the cumulative incidence of AD (vertical axis) vs follow-up time in months (horizontal axis). (B) Patients with amnestic MCI were categorized into tertiles of initial coated-platelet levels (lowest, middle, and highest, n ϭ 24, 25, and 25, respectively) and cumulative incidence of progression to AD was calculated for each tertile (see text for additional details). Data are plotted as the cumulative incidence of progression for each tertile (vertical axis) vs follow-up time in months (horizontal axis).
identify AD and its precursor conditions at the earliest stages are highly sought. [29] [30] [31] Our initial observations in AD, FTD, and MCI appear to support a relationship, direct or indirect, between coated-platelet synthesis and the APP metabolism alterations that occur in AD. 32 In addition, recent studies showed abnormal coated-platelet synthesis in patients with cerebrovascular disease, with elevated coated-platelet levels in patients with nonlacunar ischemic stroke and decreased coated-platelet levels in patients with spontaneous intracerebral hemorrhage. 15, 16, 33, 34 Finally, limited studies have indicated that coated-platelets are potentiated by inflammation. 35 Perhaps coated-platelet synthesis represents a sensitive biomarker of the disease process that includes APP abnormalities, cerebrovascular disease, and inflammatory components and may produce insight into the multifaceted pathways associated with AD. 36 Limitations of the current study include a relatively small sample size and a patient population consisting exclusively of men. Future studies will need to address these limitations and examine the possibility of generalizing these findings to the entire MCI population. Further studies are also warranted to determine the potential clinical application of coatedplatelet levels as a biomarker in the early diagnosis of AD and the pathologic significance of elevated coated-platelet levels in patients with amnestic MCI and incipient AD. Table 3 Distribution of patient characteristics at baseline according to progression to AD or lack of progression to AD a
Baseline values
No progression to AD (n ‫؍‬ 59) 
